PIG-1, the homolog of the stem cell regulator MELK [4] . pig-1 mutants produce extra A/PVM and SDQ neurons because Q.pp survives and adopts the fate of its sister ( Figure 1B , left). This phenotype differs from that caused by mutations in proapoptotic genes where Q.pp survives but does not divide ( Figure 1B , right) [4, 5] .
In screens for mutants with extra A/PVMs, we identified the gene cnt-2, which encodes an Arf GTPase-activating protein (GAP) of the AGAP (Arf GAP with G protein-like domain, Ankyrin repeat, and PH domain) family [6] . cnt-2 encodes three isoforms (A-C) that contain a G protein-like domain (GLD), a split pleckstrin homology (PH) domain, and two ankyrin repeats (Figures 2A and 2B) [7] . Four mutant alleles exist (Figures 2A and 2B ). The zd168 and gm390 nonsense mutations were identified in forward genetic screens, whereas the gm377 and tm2328 deletions were isolated by reverse genetic approaches.
All cnt-2 mutants displayed a similar recessive extra A/PVM phenotype ( Figure 1C ). If cnt-2 mutations transform the cell fated to die into its sister, these mutations should also produce extra SDQ neurons. Indeed, 52% (n = 150) of gm377 and 48% (n = 290) of zd168 mutant lineages produced extra SDQs. Loss of cnt-2 also altered other asymmetric divisions that produce apoptotic cells (see Table S1 and Supplemental Results available online). Analyses of genetic interactions between cnt-2 and either pig-1 or ham-1, which is necessary for some of the asymmetric divisions that require pig-1 and cnt-2, suggest that they could act in the same pathway (Table S2 ; Supplemental Results).
Loss of CNT-2 Affects Q.p Neuroblast Daughter Size Q.p daughters differ in size, with Q.pp being smaller than its mitotic sister Q.pa [4, 8] . The wild-type precursor is approximately four times the size of its sister, whereas cnt-2 Q.p daughters are equivalent in size (Figures 1D and 1E ; Movie S1; Movie S2). We considered the possibility that apoptosis causes Q.pp to contract, resulting in the size asymmetry, but ruled out this possibility in two ways. First, we analyzed the sizes of the Q.p daughters in a ced-4 mutant where Q.pp survives and found that Q.pa was still more than three times the size of its sister ( Figure 1D ). Second, we followed the Q.p division using time-lapse confocal microscopy. The wild-type cleavage furrow was displaced toward the posterior, resulting in different-sized daughter cells; the cnt-2 mutant furrow formed in a central position ( Figure 1E ; Movie S1; Movie S2).
CNT-2 Arf GAP Activity Is Essential for Its Function
Of the three CNT-2 isoforms, B isoform expression with (CNT-2B::GFP) or without a GFP tag (CNT-2B) showed the most effective rescue of the extra A/PVM defect ( Figure 2C ; data not shown). To ask whether CNT-2 activity depends on a functional GAP domain, we changed a conserved arginine to lysine at position 709 [CNT-2B(RK)::GFP], which abrogates AGAP1's GAP activity while still allowing the cognate Arf to bind [9] . We also changed cysteine to serine at positions 681 and 684 [CNT-2B(CCSS)::GFP], which should render the Arf GAP incapable of binding its cognate Arf [9, 10] . Both changes abolished CNT-2B's rescuing activity ( Figure 2C ).
We also asked whether excess CNT-2 caused an A/PVM phenotype. Expression of full-length wild-type or mutant CNT-2 did not ( Figure 2C ), but expression of the N-terminal deletion mutant DNCNT-2::GFP, which lacks the GLD, produced animals with extra A/PVMs ( Figure 2D ) and Q.p daughters that were more equivalent in size ( Figure 3A ). Mutations in proapoptotic genes enhance the A/PVM defect of pig-1 mutants or animals treated with cnt-2 RNA interference (RNAi) [4, 11, 12] (data not shown), and a ced-4 mutation enhanced the A/PVM phenotype caused by DNCNT-2::GFP ( Figure 2D ). The requirement for Arf GAP activity ( Figure 2D ), however, suggests that DNCNT-2::GFP does not act as a dominant negative. Moreover, the ability of DNCNT-2::GFP expression to partially rescue the A/PVM phenotype of cnt-2 mutants shows that the transgenic protein has normal CNT-2 activity ( Figure 2D ). Experiments presented below support the hypothesis that DNCNT-2::GFP possesses deregulated Arf GAP activity. 
CNT-2 Functions Cell Autonomously
CNT-2 could regulate either secretion of a signal to Q.p or a membrane trafficking event in Q.p. To determine where CNT-2 acts, we expressed cnt-2B from the mab-5 promoter. mab-5 encodes a transcription factor expressed in cells near the tail [13, 14] . With the exception of Q descendents, bilaterally symmetric cells express mab-5 on both the left and right. The left Q.p, which generates PVM, but not the right Q.p, which generates AVM, expresses mab-5 [15] . If cnt-2 acts in the Q lineage, its expression from the mab-5 promoter should rescue the PVM but not the AVM defect of cnt-2 mutants. If cnt-2 acts in cells that signal to Q.p, its expression from the mab-5 promoter should either rescue or fail to rescue both the PVM and AVM defects, depending on whether CNT-2 acts in mab-5-expressing cells. Consistent with CNT-2 acting in the Q lineage, cnt-2B expression from the mab-5 promoter rescued the PVM but not the AVM defects ( Figure 3B ). We also placed the Pmab-5::cnt-2B transgene into a cnt-2; egl-20 mutant background. Transcription of mab-5 in the QL lineage but not in other cells requires the Wnt EGL-20 [16] . Loss of egl-20 abolished the ability of the Pmab-5::cnt-2 transgene to rescue the PVM defect of the cnt-2 mutant, consistent with CNT-2 acting in the Q lineage (data not shown).
CNT-2 Functions in Endocytosis
To address how CNT-2 regulates trafficking, we asked whether cnt-2 mutants exhibited defects in receptor-mediated endocytosis [17] . The intestine secretes vitellogenins, which are internalized by the RME-2 receptor on mature oocytes. Endocytosis-defective oocytes fail to internalize vitellogenins, resulting in their accumulation in the pseudocoelom and their absence from mature oocytes. Tagged vitellogenin VIT-2::GFP accumulated in the pseudocoelom of cnt-2 mutants (data not shown). Compared to wild-type oocytes, fewer cnt-2 oocytes contained VIT-2::GFP ( Figures 4A and 4B) .
Aberrant RME-2 trafficking can alter VIT-2::GFP distribution [18] . More RME-2::GFP accumulated at the cell surface of cnt-2 oocytes than wild-type oocytes ( Figures 4C-4E) , and RME-2::GFP localized occasionally to juxtanuclear dots that Figure 1C . The mutation that changes a conserved arginine to lysine at position 709 [CNT-2B(RK)::GFP] abrogated the GAP activity of AGAP1 while still allowing the cognate Arf to bind [9] . The cysteine-to-serine changes at positions 681 and 684 within the zinc-finger motif [CNT-2-2B(CCSS):: GFP] are predicted to render the Arf GAP incapable of binding its cognate Arf [9, 10] . We generated one transgenic line for cnt-2B, five for cnt-2B::gfp, two each for the mutated versions of cnt-2B::gfp and DNcnt-2B::gfp, and three for DNcnt-2B::gfp. Each of the lines for a particular construct was tested and gave similar results. Data for only one line of each type are presented. GFP levels were similar for all of the transgenes. *p < 0.0001 (two-sample proportion test).
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were observed in endocytosis mutants ( Figure 4D ) [18] . Taken together, the VIT-2::GFP and RME-2::GFP phenotypes suggest that CNT-2 regulates endocytosis.
To test the hypothesis that compromised endocytosis contributes to the cnt-2 asymmetric division phenotypes, we asked whether reducing the levels of endocytosis molecules by RNAi affected the Q.p division. We used an rrf-3 mutant background to sensitize the animals to the effects of RNAi [19] , and a weak ced-3(n2436) mutation. RNAi of endocytosis genes resulted in lethality, but escapers of RNAi to dyn-1, which encodes the dynamin homolog, or to rab-5 resulted in significant numbers of extra A/PVMs (p < 0.001): 21% (n = 66) for dyn-1 and 20% (n = 133) for rab-5. The negative control produced 7% extra A/PVMs (n = 197), and cnt-2(RNAi) produced 49% extra A/PVMs (n = 218). Rab5 homologs specifically mediate endocytic trafficking [20] , supporting the hypothesis that CNT-2 regulates endocytic events that control the Q.p division.
The GTPase Genes arf-1 and arf-6 Regulate the Q.p Division The essential role for the GAP domain of CNT-2 indicates that arfs or arf-like (arl) genes regulate the Q.p division. Sequence analysis defines three Arf classes: class I (Arf1-3), class II (Arf4 and 5), and the more divergent class III (Arf6) [21] . C. elegans has a single representative of each class [22] . The C. elegans genome also encodes ten Arls.
Knocking down the function of each of the arf or arl homologs by RNAi in the rrf-3; ced-3(n2436) mutant background produced extra A/PVMs with arf-1, arf-3, and arf-6 (S.C. and J.T., unpublished data). A single deletion allele of each arf gene exists. The arf-3 mutants arrest as larvae and do not have an A/PVM phenotype, either alone or in a ced-3 mutant background (data not shown). Off-target effects could explain the discrepancy between the RNAi and mutant phenotypes because arf-3 is closely related to arf-1. Alternatively, maternal arf-3 provided by the heterozygous mothers could mask a role for arf-3 in the Q.p division. By contrast, arf-1 and arf-6 mutants displayed a weak extra A/PVM phenotype and enhanced the extra A/PVM phenotype of ced-3 or ced-4 mutants ( Figure 3C ). Because arf-1 interacted genetically with cnt-2 (see below), we addressed its role in the Q.p division, and we found that arf-1 regulates Q.p daughter cell size ( Figure 1E ; Figure 3A ; Movie S3) and acts autonomously in the Q lineage ( Figure 3B ).
arf-1 and cnt-2 Genetic Interactions
The arf-6 mutation failed to interact with either the cnt-2 mutant or DNCNT-2::GFP ( Figure 3C ). Loss of arf-1, by contrast, suppressed the extra A/PVM and size asymmetry defects of cnt-2 mutants ( Figure 3A and 3C) . Suppression of the extra A/PVM defect resulted from a failure of the A/PVMs to differentiate and express the GFP marker ( Figure S1 ; Supplemental Results).
To address the possibility that CNT-2 is an ARF-1 GAP, we asked whether arf-1 and cnt-2 mutants have similar oocyte phenotypes. RNAi of arf-1 disrupts VIT-2::GFP uptake into oocytes [17] . VIT-2::GFP accumulated in the pseudocoelom of the arf-1 mutant, and fewer mutant oocytes contained VIT-2::GFP (Figures 4A and 4B ; data not shown). We rarely detected RME-2::GFP in arf-1 mutants, suggesting that it may not be trafficked to the plasma membrane ( Figures 4C-4E) .
Distinct RME-2::GFP phenotypes support a model where ARF-1 and CNT-2 act in antagonistic cycles. This model predicts that an arf-1 cnt-2 double mutant should alter the RME-2::GFP phenotypes of the single mutants. As the model predicts, knocking down cnt-2 resulted in arf-1 oocytes with Alleles used were arf-1(ok796), arf-6(tm1447), ced-3(n717), ced-4(n1162), and cnt-2(gm377).
(A) Ratio of the Q.p daughter cell sizes. Data are presented as in Figure 1D . Error bars represent standard error of the mean. (B) Expression of a cnt-2 or an arf-1 cDNA from the mab-5 promoter rescued the QL (PVM) but not the QR (AVM) defects of cnt-2 or arf-1;ced-3 mutant animals, respectively. The frequency of extra AVMs (white bars) and PVMs (black bars) is presented separately. Data are presented as in Figure 1C .
(C) The roles of arf-1 and arf-6 in the Q.p division. Data are presented as in Figure 1C .
(A and C) Because arf-1 and cnt-2 are linked on LG III, unc-32(e189) and dpy-18(e364) are visible markers used to construct the arf-1 cnt-2 double mutant. The arf-1 cnt-2 chromosome also contained an unc-32 mutation. #The cnt-2 control in (C) contained the unc-32 and dpy-18 mutations. *p < 0.0001, **p < 0.3, ***p < 0.01. more RME-2::GFP at the cell surface ( Figure S2 ; Supplemental Results).
The arf-1 mutation also interacted genetically with DNCNT-2::GFP, enhancing the daughter cell size and extra A/PVM phenotypes ( Figures 3A and 3C) . The opposite effects of arf-1 loss on cnt-2 mutants and transgenic animals confirm that DNCNT-2::GFP does not simply interfere with cnt-2 function. We propose that the GLD of CNT-2 negatively regulates CNT-2 function. Deregulated GAP activity of DNCNT-2::GFP might enhance endocytosis, leading to an asymmetric cell division defect. Excessive or decreased endocytosis might disrupt Q.p asymmetry. Alternatively, the N terminus of CNT-2 might restrict its activity to a particular membrane compartment, the DNCNT-2::GFP phenotype resulting from CNT-2 acting in an inappropriate trafficking event. To the right of the bars are the numbers of gonad arms scored. p < 0.0001 for both arf-1 and cnt-2 compared to wild-type using a two-sample test for proportions. (C) Plots of line scans through the first two oocytes of wild-type, arf-1, and cnt-2 mutants that contain the rme-2::gfp transgene. ImageJ was used to draw a line perpendicular to, and centered on, the boundary between the first and the second oocyte on 12-bit depth confocal images. The plot profile for this line was recorded, and five independent profiles were averaged for each gonad. Based on the maximum intensity of fluorescence (Imax) measured in arbitrary units (AU), gonads were grouped into low (Imax < 1000 AU), normal (1000 AU < Imax < 2500 AU), or high (Imax > 2500 AU) fluorescence classes. The three classes of RME-2::GFP surface intensity quantified in (E) are depicted here. The range of the normal class is illustrated by the wild-type and cnt-2 scans. (D) Confocal imaging of RME-2::GFP in wild-type and mutant oocytes. Arrows indicate juxtanuclear dots. Scale bar represents 10 mm. (E) Quantification of RME-2::GFP levels at the oocyte cell surface. p < 0.0001 for both arf-1 and cnt-2 compared to wild-type using a two-sample test for proportions. The number of oocytes scored is to the right of each bar. Figure S2 describes the effects of interactions between arf-1 and cnt-2 on RME-2::GFP distribution.
The requirement for CNT-2 GAP function argues that Arfs or Arls regulate the Q.p division. Why then were we unable to identify a cognate GTPase? Eliminating CNT-2 or its cognate GTPase should disrupt a specific membrane trafficking step and result in a similar phenotype. If this assumption is correct, one explanation for the discrepancy is that CNT-2 regulates ARF-3 but that the contribution of maternal arf-3 masked its role in mutant animals. Alternatively, CNT-2 could regulate more than one GTPase. Elimination of two or more GTPases would generate a phenotype similar to that of cnt-2 mutants. The GTPases could provide overlapping functions in the same trafficking event or could mediate distinct events. Consistent with the latter possibility, the two mammalian CNT-2 homologs interact with different adaptors that mediate distinct trafficking events [23] . As the sole C. elegans AGAP, CNT-2 could mediate both events. This model is consistent with the mixed-oocyte phenotype of cnt-2 mutants: some oocytes accumulate excess cell surface RME-2::GFP, revealing an endocytosis defect, whereas other oocytes have low RME-2::GFP levels, revealing a distinct defect.
Membrane Trafficking and Development
Trafficking of membrane receptors plays important roles in developmental decisions. Defects in Notch trafficking can lead to inappropriate activation of the receptor [24] . Components of the trafficking machinery can also exhibit specificity for particular cargo. Neural tube closure requires specific interactions between the Van Gogh homolog Vangl2 and the sec24b subunit of the COPII complex to transport Vangl2 from the endoplasmic reticulum to the Golgi [25] . Whether CNT-2 exhibits specificity for particular cargo is unclear. Notch and Wnt signaling regulate asymmetric cell divisions in Drosophila and C. elegans, respectively [26, 27] . The involvement of these molecules in asymmetric cell divisions raises the interesting possibility that CNT-2 regulates Notch or Wnt pathways.
Experimental Procedures
C. elegans genetics and DNA manipulations are described in the Supplemental Experimental Procedures.
Lineage Analysis
Animals were maintained at 22 C. L1 larvae were anesthetized with 0.1% levamisole in M9 buffer and mounted on 2% agar pads. Images were acquired on a Zeiss Axiovert 200M microscope with a 1003 1.45 NA oil objective and an electron-multiplying charge-coupled C9100-13 device camera (Hamamatsu Photonics) using the 488 nm line of a CSU10 argon laser attached to a spinning-disk confocal scan head (Yokogawa; obtained from Solamere, Inc.). Images were acquired every 90 s using mManager software (www.micro-manager.org).
Oocyte Endocytosis and Q.p Daughter Sizes L4 larvae were collected and observed as young adults 24 hr later. Fluorescence images of bIs1[vit-2::GFP] gonads were obtained with a Zeiss Axioskop 2 microscope. Images were collected using an ORCA-ER CCD camera (Hamamatsu Photonics) and Openlab imaging software (Improvision). Confocal sections of pwIs116[rme-2::RME-2-GFP] oocytes were obtained with a Zeiss LSM 510 confocal microscope equipped with a 1003 1.3 NA oil objective and the 488 nm line of an LGK 7812 ML4 argon laser (LASOS Lasertechnik). 1024 3 1024 single monodirectional line scans were performed at medial positions of gonads to obtain 12-bit images for light-intensity measurements.
For Q.p daughter cell sizes, QL.pa and QL.pp cell areas were measured in L1 larvae that had their left sides up. Areas were measured in triplicate using ImageJ. The size ratio was calculated using average area values. QL.pa and QL.pp were imaged only when the Q.pp did not appear apoptotic, was not rounded, and was still attached to Q.pa.
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